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This paper proposes a new control structure for two multilevel three-phase inverter topolo-10
gies for photovoltaic (PV) systems connected to the grid. This control scheme includes the11
use of the space vector pulse wide modulation (SVPWM) technique to control the Diode12
Clamped Inverter (DCI) and cascade inverter topologies, and the integration of the particle13
swarm optimisation (PSO) technique to operate the PV system at the Maximum Power14
Point (MPP). A FPGA implementation of PSO based MPPT is proposed to overcome the15
problem of MPP tracking under partial shading conditions. This MPPT technique is vali-16
dated under various PV array configurations in order to evaluate the behaviour of each PV17
configuration under non-uniform irradiance. A SVPWM control strategy is used in order18
to generate gate control signals for the inverter and implemented for both DCI and cascade19
inverter topologies. Then, a comparative study of photovoltaic systems with these inverter20
topologies is carried out under Matlab/Simulink environment and evaluated on the basis of21
MPPT, harmonic distortion, cost, advantages and disadvantages. In order to test the prac-22
tical implementation of the proposed control structure, FPGA/Simulink-based Hardware23
in the Loop approach has been used to bring the obtained results as close as possible to24
reality and with a minimum of constraints. Based on the analysis of the obtained results,25
some experimental parameters are summarized and a comparison table is synthesized.26
Keywords: Photovoltaic systems, Multilevel inverters, PSO-MPPT, SVPWM, Grid-27
connected system28
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1. INTRODUCTION29
Which energy sources will be suitable to power our smart cities in the future? With the30
wide use of an energetic mix by many countries because of the wide variety of fossil and31
renewable energy sources and the increasing demands in energy of modern applications, the32
conversion of energy between the source and the load is becoming an essential and crucial33
step in order to ensure adequate, high quality and efficient energy consumption. Renewable34
energy could play a vital role in the future by its integration in any powered system and at35
any level, from small home applications to big electrical power plants1–5. Among a variety of36
renewable energy sources, Photovoltaic (PV) energy is becoming a global issue as confirmed37
by Cop21 in their final declaration6. On the other hand, researchers and engineers are always38
eager to improve the efficiency of PV cells and PV inverters to develop high quality control39
techniques in photovoltaic systems stand-alone or connected to the grid, in order to improve40
the global efficiency of the energy conversion. Photovoltaic inverters are one of the essential41
elements in grid connected photovoltaic systems7. They allow first the conversion of the42
photovoltaic generator DC voltage to an AC voltage and then the injection of this latter43
into the utility grid. The optimization of the energy production requires a suitable choice44
of the size and the type of inverters used.45
In addition, PV inverters have other important functions when used in the context of46
connection to the utility grid such as:47
• They optimize the efficiency of the PV installation by constantly looking for the MPP48
of the PV generator in relation to irradiation and temperature variations.49
• They protect the PV installation against all potentially dangerous operating anomalies50
(voltage deviation, current leakage...)8.51
The type of inverters to be used depends on the installation and connection parameters of52
the photovoltaic modules: connection in series or in parallel, different degrees of inclination53
between the modules, output voltage and solar irradiance. As a result of these technical54
features of photovoltaic systems, the arrays configuration and the architecture of PV systems55
connected to the grid can have important impacts on its operation9. Lot of research is carried56
out on PV system configurations, such as Pendem et al.10, Belhachet et al.11, Horoufiany et57
al.12. These researches involve the study and analysis of various photovoltaic panels settings58
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under various partial shading scenarios, to assess the performance and ability of each setting59
to increase output power and reduce partial shading losses. The PV system architecture60
depicts how the power converters are associated with PV modules. The circuit topology61
of the power inverters can be changed to additionally enhance the yield energy from grid62
connected PV system under partial shading conditions13. It allows the inverter to regularly63
reap more energy than a string-level or arrays level inverter14.64
Grid connected PV inverter architectures normally have four conceivable settings: (a)65
central, (b) string, (c) multi-strings and (d) modular inverters. The central inverter topology,66
the most used one for its low cost and high productivity, is recommended in PV systems67
with a power greater than 10 kW15. Major disadvantages of this topology are the utilization68
of a high DC link voltage and one common MPPT. The string inverters topology, in contrast69
to the central inverter topology, comprises a separate MPPT at each string, leading to a70
maximum energy yield. Similarly, this topology has some drawbacks with the PV modules71
associated in series. In the modular inverter topology16, each module is fitted with its own72
MPPT and own inverter. The main weakness of the modular inverter configuration is its73
complex and costly control system. Multi-string inverter topology is a suitable setup17,74
situated somewhere between the modular inverter and the string inverter topologies. In this75
arrangement, each PV string can be controlled easily and separately.76
Given the large body of work published on inverter topologies and MPPT techniques for77
shaded PV arrays, such us: Dhople et al.18, Roman et al.19, which proposed a micro-inverter78
architecture to implement MPPT for strings of solar cells associated through bypass diodes79
in a PV module. In Wu et al.20, another group of high-effectiveness DC/AC PV inverter80
with a variety of input DC voltage is proposed. A new scheme for a distributed synchronous81
boost converter (DMPPT) is proposed by Adinolfi et al.21. A system utilizing an additional82
full bridge inverter to perform MPPT operation is provided by Debnath et al.22.83
Different PV system architectures employing Power Conditioning Units (PCUs) with84
different technologies are developed by Spertino et al.23. Islam et al.24 proposed an improved85
H5 topology for grid connected photovoltaic inverter with reduced leakage current. Common86
mode (CM) characteristics are studied in details. The drawback of this system is the cost of87
the small scale inverter. Control and circuit techniques to mitigate partial shading effects in88
photovoltaic arrays is presented by Bidram et al.25, a brief discussion of their characteristics89
and the approaches suggested in each category is provided.90
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This paper proposes a new experimental study of photovoltaic system architectures con-91
nected to the grid. In section 2, grid connected PV systems with their different PV modules92
configurations are presented and discussed. In section 3, PSO-MPPT control algorithm is93
developed and implemented into FPGA chip and tested under extreme partial shading sce-94
narios. An experimental prototype for testing purposes has been implemented in this paper95
to determine which configuration extracts maximum power. In section 4, the SVPWM al-96
gorithm for both cascade and diode clamped inverters are explained in details, including97
the duty cycles calculation, reference vector location and switching sequences generation.98
The control of the three-phase multilevel inverter through an LCL Filter is described. The99
FPGA implementation of the SVPWM algorithm with the Hardware in the Loop (HIL)100
approach is then proposed. Simulations and real time implementation results are given at101
the end of this section. Conclusion is given in section 5.102
2. PHOTOVOLTAIC SYSTEM ARCHITECTURES103
2.1. Common DC sources (Centralized topology)104
Load
Filter LCL
DC-DC Converter with PSO-MPPT
DC-AC Diode Clamped Inverter
FIG. 1: Diode clamped inverter integrated with common DC sources (Centralized).
Central topology presented in Fig. 1 was based on centralized inverters (Diode clamped105
inverter) that interfaced a large number of PV modules to the grid. The PV modules106
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were distributed into strings, each one producing the required high voltage to avoid further107
amplification. Through string diodes, these strings were connected in parallel. A centralized108
system has many advantages in the case of projects with large homogeneous photovoltaic109
generators. Their watt-peak cost may be lower and maintenance can be facilitated because110
of the centralized setting. However, they still have some limitations such as high voltage111
in DC cables, power losses due to a centralized MPPT, mismatch losses between the PV112
modules and losses in the string diodes. Above a certain size of a PV installation, it becomes113
more practical to opt for a centralized topology in order to avoid complications due to the114
use of a decentralized topology.115
2.2. Separate DC sources (Decentralized topology)116
Load
DC-DC Micro-
Converter with 
PSO-MPPT
DC-DC Micro-
Converter with 
PSO-MPPT 
DC-DC Micro-
Converter with 
PSO-MPPT 
DC-DC Micro-
Converter with 
PSO-MPPT 
DC-DC Micro-
Converter with 
PSO-MPPT 
DC-DC Micro-
Converter with 
PSO-MPPT 
Filter LCL
DC-AC Cascaded Inverter
FIG. 2: Cascade inverter integrated with separate DC sources (Decentralized).
For PV installations with heterogeneous configurations such as different inclinations and117
orientations, modules and strings of different sizes, modules with high manufacturing tol-118
erance or shaded modules, it is preferable to opt for decentralized concept using several119
DC-DC converters as shown in Fig. 2. With several DC-DC converters, it is possible to120
adapt to the different operating points of the various PV modules of the system. A string121
inverter is then connected with a series of PV modules with the same characteristics. The122
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characteristics of the PV modules are relatively constant, the modules are all more or less123
different from each other. However, the yield of a string is directly dependent on the module124
having the lowest yield. So, if a module is partially shaded by tree leaves, dust or if it has125
a slight defect, the whole string will suffer. The use of a micro-converters can solve this126
problem as the PV modules are independent of each other. A module having a defect can127
also be disconnected while waiting to be cleaned or fixed without affecting the rest of the128
modules. The major disadvantage still faced by micro-converters is their cost. It is indeed129
obvious, that it is more costly to put one converter per PV module than one converter130
for 10 modules. Nevertheless, the cost can be competitive for complex installations which131
incorporate a monitoring system. Decentralized systems still have the option of replacing132
only one element in case of failure of one PV module or string or a drop in efficiency, while133
keeping the PV system in operation; thus reducing downtime and it is even better and more134
advantageous when using micro-inverters.135
3. DC-DC SIDE CONTROL FOR SHADED PHOTOVOLTAIC ARRAYS136
3.1. PV module model137
In order to simulate the behaviour of the solar cell, the two-diode model equivalent circuit138
of a PV cell, shown in Fig. 3, is used. The PV module is composed by NS PV cells associated139
in series. The output current of the PV module is described by Eq. (1)26.140
I = IPV − I01
[
exp
(
V + IRsNs
a1VTNs
)
− 1
]
− I02
[
exp
(
V + IRsNs
a2VTNs
)
− 1
]
−
(
V + IRsNs
RpNs
)
(1)141
IPV
D1 D2
I
VRP
RS
+
-
FIG. 3: Equivalent circuit of a solar cell.
where I and V refer respectively to the current and the voltage of the PV module. The142
PV module, SM55, is used in this paper. The parameters of this module under the standard143
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test conditions (STC) (T = 298◦K and G = 1000 W/m2) are given in Table I.144
TABLE I: SM55 module specifications
Parameters Value
Maximum power (Pmax) 55 W
Short circuit current (Isc) 3.45 A
Open circuit voltage(Voc) 21.7 V
Current at Pmax (Impp) 3.15 A
Voltage at Pmax (Vmpp) 17.4 V
Temperature coefficient of Isc (KI) 1.2 × 10-3 A/AAˆ◦C
Temperature coefficient of Voc (KV ) -77× 10-3 V/AAˆ◦C
Number of series cells in the module (Ns) 36
Number of bypass diodes 2
3.2. Influence of partial shading145
Under uniform irradiance conditions, the PV module exhibits a single MPP. However,146
when a part of the PV module receives different levels of irradiance from those of others due147
to many factors such: buildings, clouds, trees, dust, then it is subject to partial shading27.148
The shaded PV cells may get reverse biased and behave as a loads receiving current from the149
fully illuminated cells which causes hot spot phenomenon that results in the damage of these150
cells. To resolve this problem, by-pass diodes are used. As a result, the P-V characteristics151
curves exhibit several MPPs when the PV module is subject to partial shading.152
The P-V curve is then characterized by one global MPP (GMPP) and several local153
MPP (LMPP). Fig. 4(a) shows a PV array containing of two modules connected in series.154
Fig. 4(b) shows the corresponding static P-V characteristic curves for two different shading155
patterns. For the first case, the PV panel receives a uniform solar irradiance, thus, the P-V156
curve exhibits one MPP. In the second case, the tracking of the GMPP becomes a more157
challenging task, we can notice the appearance of four MPPs whose GMPP is P = 52, 89158
W at V = 27.59 V. Thus, the P-V characteristic can take various forms according to the159
shading pattern.160
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FIG. 4: (a): Two PV modules associated in series; (b): The P-V curves of the Two PV
modules under uniform and partial shading conditions.
3.3. MPPT controller based on PSO algorithm161
Several conventional MPPT algorithms have been proposed in the literature28. These162
methods are efficient under uniform conditions; however, they are limited under partial shad-163
ing conditions. They cannot differentiate between LMPP and GMPP and can be trapped164
into a LMPP. To overcome this problem, methaheuristic algorithms are increasingly taken165
into consideration and are proposed by numerous scientists to manage multimodal P-V166
characteristic curves under partial shading conditions29–31. Thanks to its ability to handle167
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multimodal functions and its simple structure, the particle swarm optimisation (PSO) based168
MPPT is used in this paper. PSO is a population-based meta-heuristic approach that was169
developed by Eberhart and Kennedy in 199532. The PSO algorithm is inspired by the social170
behaviour of swarming animals, such as bird flocking and fish schooling. Each particle in171
the swarm is considered as an answer of the issue and it is allocated a velocity and a po-172
sition. Each particles velocity is influenced by the particles own experience as well as the173
experience of its neighbors. For the application of the PSO algorithm in MPPT, the opti-174
mization variable to be taken into account is the duty cycle of the PWM signal (the particle175
position) and it is adjusted directly by the MPPT controller. Fig. 5 shows the complete176
flowchart of the proposed PSO-MPPT method. Initially, a first duty cycle solution vector177
with Np = 3 particles is defined. Maximizing the power output of the PV panel is the goal178
of the optimization process, which is the fitness function. Using Eq. (2) and Eq. (3), the179
new duty cycles are then updated for each iteration.180
V k+1i = ωV
k
i + c1r1
(
dpbesti − dki
)
+ c2r2
(
dgbest − dki
)
(2)181
182
dk+1i = d
k
i + V
k+1
i (3)183
where w is the inertia coefficient; c1 and c2 are the acceleration coefficients; r1 and r2 are184
uniformly distributed random numbers in [0,1] for each iteration t. dpbesti is the personal185
best position of particle i and dgbest denotes the best position reached by the particles of the186
swarm. The condition shown in the Eq. (4) is used as a convergence criterion.187
∣∣dk+1i − dk+1j ∣∣ ≤ ∆d (4)188
Due to varying weather and loading conditions, the global MPP is usually changing.189
The MPPT algorithm should be able to continuously distinguish the variety of shading190
configuration and search for the new global MPP. The search procedure is initialized when191
the following condition (Eq. (5)) is met.192
|PPV new − PPV last|
PPV last
> ∆P (5)193
where PPV new and PPV last are the values of PV power in two successive sample periods and194
∆P presents the power tolerance.195
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FIG. 5: Complete flowchart of the proposed PSO-MPPT method.
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3.4. Experimental implementation of PSO-MPPT under different topologies196
In order to select the optimal PV systems architectures and circuit topologies offering197
the highest performance and to evaluate the behaviour of each PV inverter setting due198
to non-uniform irradiation, we performed tests under different shading scenarios for two199
PV architectures: string and modular. A FPGA-based control circuit prototype, shown200
in Fig. 6, was developed for this purpose. The schematic prototype of the first considered201
PV system architecture, string architecture, is shown in Fig. 7(a). The experimental results202
obtained for this topology under two scenarios of partial shading are shown in Figs. 9 and 10.203
The resulted P-V curves are characterized by the presence of multiple MPPs: for scenario204
1: PLMPP = 31.9 W and PGMPP = 49.6 W. and for scenario 2 : PLMPP1 = 25 W and205
PGMPP = 81.7 W. The GMPP is on the left of the P-V curve for the two scenarios, with206
VGMPP = 23.8V in scenario1 and VGMPP = 43.5V in scenario 2. It can be seen that the207
PSO algorithm has effectively found the GMPP in the two cases and the operating point is208
maintained around V = 23.8V and I = 2.1 A in scenario 1 and V = 43.5 V and I = 1.87 A209
in scenario 2.210
FIG. 6: Components of PV system under test.
11
DC-DC
converter
DC-AC 
inverter
PSO-
MPPT
PWM
Ipv
Vpv
Grid
Module 1 Module 2 Module 4Module 3
(a)
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
0
20
40
60
V
o
lt
a
g
e
 (
V
)
0
0.5
1
1.5
2
2.5
3
C
u
rr
e
n
t 
(A
)
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
0
20
40
60
Time (s)
P
o
w
e
r 
(W
)
0 20 40 60
0
20
40
60
Voltage (V)
P
o
w
e
r 
(W
)
LMPP1
LMPP2
GMPP
PV_voltage
PV_current
(b)
FIG. 7: (a): Schematic prototype of the proposed central architecture control;
(b): Measured array voltage, current and power waveforms during MPPT process under a
shading pattern.
The schematic prototype of the second considered PV systems architectures, modular211
architecture is shown in Fig. 8(a). The experimental results obtained for this topology212
under two scenarios of partial shading are shown in Figs. 9 and 10. This figures show the213
P-V curves for each separate PV module as well as the results of the MPP tracking.214
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FIG. 8: (a): Schematic prototype of the proposed modular architecture control;
(b): Measured array voltage, current and power waveforms during MPPT process under a
uniform pattern for module 1; (c): under shading pattern for module 2.
13
0 0.5 1 1.5
0
10
20
30
Voltage (V)
0 0.5 1 1.5
0
1
2
3
Current (A)
0 0.5 1 1.5
0
20
40
Power (W)
0 5 10 15 20
0
20
40
Power (W)
0 0.5 1 1.5
0
10
20
30
0 0.5 1 1.5
0
0.5
1
0 0.5 1 1.5
0
5
10
15
0 5 10 15 20
0
5
10
15
0 0.5 1 1.5
0
10
20
0 0.5 1 1.5
0
0.5
1
0 0.5 1 1.5
0
5
10
0 5 10 15 20
0
5
10
0 0.5 1 1.5
0
10
20
0 0.5 1 1.5
0
0.5
1
0 0.5 1 1.5
0
5
0 5 10 15 20
0
5
0 0.5 1 1.5
0
50
Time (s)
0 0.5 1 1.5
0
1
2
3
Time (s)
0 0.5 1 1.5
0
50
Time (s)
0 20 40 60
0
50
Voltage (V)
Module 1
Module 2
Module 3
Module 4
String (4*1)
FIG. 9: Experimental waveforms under Irradiance Condition Scenario 1 (ICS1) containing
(voltage, current, power and P − V characteristic curve).
Considering the configurations of available photovoltaic system architectures: string,215
modular that has been examined under two possible shading scenarios, a detailed obser-216
vation of Figs. 7 to 10 and the results shown in Table II , show that the performance of217
the PV generator is variable and the choice of the most optimal and appropriate configura-218
tion depends strongly on the shading pattern, the intensity of shading, the type of shading219
affecting the PV array (uniform or not) and the used configuration. In order to obtain a220
practically usable voltage, it is essential to use a series connection of solar cells in an array.221
Since there is a considerable loss of power due to non-uniform illumination in a serial array,222
care must be taken to ensure that all cells associated in series get a similar irradiance under223
different shading patterns.224
A number of these strings are connected in parallel to obtain the required power. Such225
care will give better protection to the grid and at the same time, the total energy production226
will be higher.227
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FIG. 10: Experimental waveforms under Irradiance Condition Scenario 2 (ICS2)
containing (voltage, current, power and P − V characteristic curve).
TABLE II: Experimental results of a PV system architectures under two irradiance
condition scenarios
scenario 1 scenario 2
Current(A) Voltage(V) Power(W) Current(A) Voltage(V) Power(W)
Module1 2.49 13.05 32.5 2.31 13.6 31.5
Module2 0.73 17.9 13.11 2.10 12.72 26.8
Module3 0.54 14.6 8 1.88 12.42 23.4
Module4 0.41 13.6 5.7 0.42 13.57 5.7
String(4S) 2.10 23.8 49.6 1.8 43.52 81.7
Modular maximum power extracted= 59.31W maximum power extracted= 87.4W
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In this paper, the string and modular connections are compared under different shaded228
patterns. In these conditions, it can be seen that the modular connection is dominant. The229
result show also the benefit of inserting an adaptation stage with PSO-based MPPT between230
the PV array and the load in order to optimize the produced power at any time. The choice231
of the PV inverter used to inject this power extracted into the grid depends strongly on the232
architecture of the photovoltaic arrays used. The following section describes how the PV233
inverter converts and delivers the energy produced with maximum efficiency and safety into234
the grid.235
4. DC-AC SIDE CONTROL FOR PV INVERTERS CONNECTED TO THE236
GRID237
4.1. Introduction238
The most widely known inverters to date are the two-stage inverters. These two-level239
inverters are limited in voltage and in power. In order to increase both of them, several240
inverters are usually connected in series or in parallel, resulting in a complex control and an241
increase in the cost of the system. In order to overcome these drawbacks, the multilevel con-242
version structures provide solutions by connecting power semiconductors in series33. There243
are three main topologies of multi-level inverters:244
• Diode Clamped Inverter (DCI) which is a structure with common potential distribution245
as shown in Fig. 1. The five-level solution is presented in this paper.246
• Multi-level inverters with nested cells, this structure requires separate DC voltages.247
• Multi-level inverters in cascade as shown in Fig. 2. The five-level solution is also248
presented in this paper.249
The adoption of these structures in industrial installations has been motivated by many250
advantages such as the reduction of the harmonic distortion rate, the improvement of the251
power factor, the minimization of the filtering quantities and the almost sinusoidal output252
voltage.253
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 (A) (B) 
FIG. 11: (A): Space vector diagram for five-level inverter. (B): Modes of operation:
(a):sinusoidal; (b):over-modulation I; (c):over-modulation II
4.2. Control and modulation strategy based on the SVPWM254
Since, Bhagwat and Stefanovic34 who have first discussed the approach of the multilevel255
pulse width modulation (PWM) converter, various PWM strategies have been studied in256
details, developed and implemented35–37. PWM is widely used in Voltage Source Inverter257
(VSI), since variable frequency and variable voltage outputs can be obtained. Among all258
strategies, space vector modulation (SVPWM) outstand all the techniques because of its259
powerful compatibility to optimize switching waveform, switching pulse pattern, vector re-260
gion selection and duty cycle calculation.261
In this paper, SVPWM technique is developed in order to generate PWM control signals262
for the inverter. This technique has many advantages such as low power losses, higher DC263
bus efficiency, variable frequency and voltage magnitude control. SVPWM has also a wide264
linear modulation range, low computations and it is relatively easy to implement. Progress265
in processors has reduced the computation time and made the SVPWM almost the favoured266
PWM technique.267
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FIG. 12: Switching Sequence diagram for 5-level space vector PWM.
SVPWM scheme with an over-modulation mode for a multilevel inverter is proposed.268
The main objective of the SVPWM technique is to estimate the reference voltage vector269
(Vref ) instantaneously by relating the switching states corresponding to the reference space270
vectors. More precisely, for every PWM period, the reference vector (Vref ) is averaged by271
using its two adjacent space vectors for some duration of time and a null vector for the rest272
of the period. In this paper, a switching sequence is elaborated using the common-mode273
voltage elimination34. Hence, for any triangle there could be numerous switching sequences.274
However, one and only one sequence can be executed at any switching time. An order is275
identified in Fig. 12 for each triangle in Fig. 11(A). The triangle in odd sectors [S1, S3, S5]276
has identical duty-ratios order. Also, the triangle in even sectors [S2, S4, S6] has identical277
duty-ratios order.278
This structure has been applied to a five-level cascaded inverter and can be extended to279
several level inverters. The structure can be utilized for both cascaded H-bridge inverters280
and DCI topologies and can certainly be extended to include over-modulation range. Having281
determined the triangle ∆j, the shift vector Vr is now calculated by following the switching282
sequences which vary from a triangle to another. For each triangle, we require an organiza-283
tion to order the on-times calculated ta, tb, to in desired sequence of [t0 → ta → tb → t0].284
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FIG. 13: Simulation results for inverter output line to neutral voltages (a): and line to line
voltages (b): corresponding to sinusoidal mode; over-modulation I; over-modulation II.
4.3. Simulation and experimental implementation of the SVPWM285
Based on Matlab/Simulink, several simulations were carried out to evaluate the control286
and synchronization algorithms. The SVPWM output is generated from the Simulink. The287
developed programs determine first the position of the reference vector according to the288
sampling frequency fs = 5 kHz and the fundamental frequency f = 50 Hz. On the basis289
of the sector selected, where the reference vector is located, the switching sequence and the290
operating time for different switching states are computed. Fig. 13 illustrates the results of291
the output simulation in the case of a switching frequency of 5 kHz. Moreover and in order to292
check the feasibility of the SVPWM that has been depicted above, implementation on FPGA293
circuit is used to execute the proposed control. Fig. 14(a) represents the block diagram of294
the proposed VHDL program where clk is the input clock and mi is the modulation index.295
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FIG. 15: The simulated 24-pulses gate control signals generated by SVPWM for (a): cas-
caded inverter; (b): diode clamped inverter.
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The experimental inverter pulses [S11-S14] are presented in Figs. 14(b) and 14(c) for mi =296
0.82; mi = 0.92. The computation process is similar for each reference vector located in any297
of the 96 sub-triangles; nevertheless, the resultant switching states, switching sequences of298
the voltage vectors, are different in each sub-triangle. All the functional blocks in Fig. 14(a)299
are described using VHDL coding. Fig. 15 presents the simulated 24-pulses gate control300
signals generated by SVPWM algorithm for cascaded inverter Fig. 15(a) and diode clamped301
inverter Fig. 15(b) by Xilinx ISE. To store the switching sequences and the switching states,302
look up tables (LUTs) are used. Different criteria are considered, for example, simplicity,303
flexibility and computation accuracy, while designing the VHDL code. The VHDL code304
includes a number of computational blocks, such as, sector identifier, switching state selector305
and on-time calculator. The proposed work, takes into account some key design measures306
in order to simplify hardware design and enhance calculation precision.307
4.4. Hardware in the loop implementation (HIL)308
Traditionally, industrial control tests are performed directly on physical equipment (eg, a309
production line), or on the entire system, or on a laboratory test-bench. These approaches310
have the advantage to be realistic, but they could be very costly, unsuccessful or even dan-311
gerous. The HIL test perfectly remedies to these disadvantages. In this case, the physical312
installation under test is replaced by a computer model, executed in real time on a sim-313
ulator equipped with inputs/outputs (I/O) interfacing with the systems control and other314
equipments. This simulator can thus accurately reproduce the controlled system and its315
dynamics, as well as its instrumentation (sensors/actuators), to test their closed-loop inter-316
actions without going through a real system. The real-time simulation of power electronics317
systems remains one of the most ambitious challenges of simulation with hardware in the318
loop (HIL). Input/output capabilities for PWM capture, closed loop simulation latency,319
matched resolution of coupled switches and fault injection at all levels of a complex system320
of power electronics, are all examples illustrating the complexity of this evolving sector38,39.321
The hardware implementation is performed in the Xilinx (XC5VLX50-1FFG676) FPGA322
circuit and Simulink via Ethernet cable (Fig. 16). The FPGA in the Loop (FIL) generates323
the PWM signals, used to control the three phase inverter in Simulink. As it can be seen324
from Fig. 16, the main control targets are attained.325
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The waveform of the output voltage is very close to that simulated in Fig. 13. The results326
of the co-simulation obtained show the correct practice of the VHDL codes developed and327
confirm the possibility of a practical implementation of the digital controller designed for328
the system.329
FIG. 16: Schematic prototype of the hardware in the loop for the five-level 3-phase inverter
with Matlab/FPGA.
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FIG. 17: The hardware in the loop results for the five-level 3-phase inverter with Mat-
lab/FPGA.
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4.5. Requirements for active and reactive power injected330
One of the objectives to achieve by the inverter is the control of the current from the331
PV arrays and the power injected into the network according to the appropriate standards.332
These advanced features can be provided by next-generation photovoltaic systems and will333
be improved in the future to ensure efficient and reliable use of photovoltaic systems. On334
this basis, active and reactive power injection strategies for three-phase PV systems are335
explored in this paper.336
4.5.1. The PQ theory337
From the instantaneous line current and phase voltage, the instantaneous real power P338
and the instantaneous imaginary power Q are defined on the (d-q) axes as40 :339  Pg
Qg
 =
 vg d vg q
-vg q vg d
 i2 d
i2 q
 (6)340
In the following description, the (d-q) current will be set as function of the voltages and341
the real and imaginary power P and Q. This is exceptionally appropriate to better clarify342
the physical significance of the power characterized in P-Q hypothesis. Therefore, it is343
conceivable to write:344  iˆ2 d
iˆ2 q
 = 1
V 2g d + V
2
g q
×
 vg d vg q
-vg q v g d
×
 Pg
Qg
 . (7)345
4.5.2. Output LCL filter346
The inverter, which is the key component of the grid connected PV system, is associated347
to the grid through an LCL filter arrangement. The switching frequency should be much348
higher than the grid frequency and the parasitic parameters are ignored41,42. In view of this349
supposition, the current and voltage in the system can be investigated without consideration350
of the high-frequency components. In the steady state, the grid phase currents I2a, I2b, and351
I2c are controlled to be in phase with the consistent grid phase voltages Vga, Vgb, and Vgc352
which are given in equation (8):353
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FIG. 18: Block diagram of a three phase grid-connected PV inverter control.

Vga
Vgb
Vgc
 =

Vmcos(wt)
Vmcos(wt− 2pi/3)
V mcos(wt+ 2pi/3)
 (8)354
where w and Vm are the angular frequency and the amplitude of the phase voltage, re-355
spectively. The equations describing the voltage and current of the three phase LCL filter356
are:357 
L1
di1k
dt
= Vck −R1i1k − V1k
Cf
dVck
dt
= i1k − i2k
L2
di2k
dt
= V2k −R2i2k − Vck
(9)358
where k is the phase number equal to {1, 2, 3} ,359
4.5.3. Feedback linearization control for the PV inverter systems360
A three-phase system is modelled by a current injector with its power regulation. The361
control system regulates the power injected by the PV system into the connection point362
as a function of the temperature and irradiance. The purpose of this control is to impose363
the active and reactive powers injected by the PV system at the connection point of the364
distribution network, by defining the desired set point values P and Q. In reality, the active365
power P is set by the MPPT module of the PV system and the reactive power Q is zero.366
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FIG. 19: The inverter voltages and currents obtained with direct power control.
Moreover, this imposition of power will directly participates through the regulation of the368
DC bus, to the selection of the active current (Id) sent to the network. By measuring the369
currents and the three-phase voltages at the connection point, it is possible to determine the370
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currents to be injected. The process of this model is described in Fig. 18. From the voltages371
and currents measured at the grid connection point, the active and reactive powers are372
determined. These powers are controlled by a simple Proportional-Integral type correctors.373
Where Vd and Vq are the direct and quadrature components of the voltage, measured at374
the point of common coupling (PCC), in the Park reference. Id and Iq are the direct and375
quadrature components of the reference product current by the PV system on the network376
to which it is connected. P and Q are the reference powers of the PV system. Therefore377
these currents depend on the power demands as well as on the voltage measured at the point378
of connection. A PLL is used to synchronize the Park transformation to the pulse of the379
measured voltage across the network. Thus, as shown in Figs. 19(a) and 19(b), in steady380
state, the quadratic component Vq is zero and the direct component Vd at the output of the381
Park transformation is an image of the amplitude of the measured voltage. These currents382
are then converted into the three-phase reference. The amplitude and the phase shift of the383
currents injected into the network, shown in Fig. 20, will thus regulate the powers at their384
set value. The limit for the component Id is chosen as a function of the maximum output385
current of the inverter and of the power limit of the DC source.386
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FIG. 20: The phase angle between current injected and grid voltage at point of common
coupling (PCC).
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4.6. Total Harmonic Distortion (THD) analysis387
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FIG. 21: The THD measurement for five-level inverter cascade (a):voltage,(c):current and
diode clamped (b):voltage, (d):current.
The THD measurement for both five-level inverters is shown in Fig. 21. The output THD388
voltage for cascade inverter is presented in Fig. 21(a) and the output THD voltage for diode389
clamped inverter is presented in Fig. 21(b). The output THD current for cascade and diode390
clamped are presented respectively in Fig. 21(c) and Fig. 21(d). The simulation results in391
Fig. 21 demonstrate that the SVPWM based multilevel system has an output line-to-line392
voltage and current with a very low THD. When the modulation index is increased, better393
performance can be achieved. This demonstrates that the proposed scheme can reduce the394
THD which is an necessary condition in grid connected PV systems.395
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5. CONCLUSION396
In this paper, a control structure for grid connected photovoltaic systems using two dif-397
ferent three-phase multilevel inverter topologies has been presented. The studied topologies398
comprise two basic groups based on the decoupling method: DCI and cascade inverter399
topologies. These topologies are presented, compared and evaluated on the basis of PSO-400
MPPT technique, component ratings, harmonic distortion, cost, advantages and disadvan-401
tages. A study of the PV generators under different scenarios of partial shading was also car-402
ried out. In addition, the benefits of the SVPWM control scheme have been demonstrated.403
The different control blocks of the control structure including PSO-MPPT and SVPWM404
algorithm have been implemented based on FPGA chip with low resource consumption and405
reduced execution time than conventional methods. The use of a FPGA-circuit in the design406
of the embedded controller reduces complexity, increases speed and adds flexibility to the407
design of the control circuit. The co-simulation Simulink/Xilinx based on the Hardware In408
the Loop approach was demonstrated to show the correct operation of the developed FPGA409
implementation and to confirm the prospect of a practical implementation of the designed410
digital controller scheme in a grid connected PV system. The proposed control structure411
for grid connected photovoltaic systems using a PSO-MPPT and the two multilevel inverter412
topologies is a good solution to optimize the energy yield from PV generators and to enhance413
the quality of the energy injected into the grid.414
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